Introduction
Heat transfer at the liquid-vapor interface with a moving contact line on a heated surface is of great interest in boiling studies. The meniscus region heat transfer is not well understood, and a direct measurement of heat flux under an evaporating meniscus is useful in providing insight into the associated heat transfer phenomena. The heat transfer around a nucleating bubble is in many respects similar to the advancing and receding motion of the meniscus on a heated surface.
A novel technique is presented in this paper by which we can access the liquid-vapor interface and the contact line region ͑de-fined as the region where the liquid-vapor interface meets the heater surface͒. Figure 1 presents a comparison between a moving meniscus and a nucleating bubble. As the bubble grows, the liquid-vapor interface advances into the liquid; the receding liquid front of a moving meniscus represents this region of the bubble ebullition cycle. As the bubble grows to its departure size, its footprint on the heater surface rapidly shrinks as the liquid front advances over the region that formed the bubble base during the bubble growth period. This region of rewetting is represented by the advancing liquid front of a moving meniscus. Figure 2 shows the details of a wedge of thin liquid film on a heated surface. Three regions are identified here: ͑i͒ Nonevaporating Adsorbed Thin-Film Region. In this region, liquid is adsorbed on the heater surface and forms a nonevaporating layer. The molecular forces have controlling influence, and the disjoining pressure reduces the pressure in the liquid and enables it to reside in a supersaturated liquid state. ͑ii͒ Evaporating Thin-Film Region. Evaporation occurs at the liquid-vapor interface, and liquid is fed from the bulk liquid through the intrinsic meniscus region. Here both the disjoining pressure and the capillary forces play a role. ͑iii͒ Intrinsic Meniscus Region. The fluid mechanics in this region is governed by the conventional equation of capillarity.
Previous studies on meniscus mainly focused on stationary menisci, which were formed inside or at the outlet end of a capillary or a small diameter tube, or at a straight edge between two intersecting surfaces. The focus of most of these studies ͓1-23͔ was the microscale and macroscale heat transfer and fluid mechanics in the vicinity of the stationary contact line region.
A clear influence of the meniscus velocity on heat flux was demonstrated in their early experiments by Kandlikar and Kuan ͓24,25͔. In their experiments, heat flux was found to increase linearly with the meniscus velocity from 0 to 0.38 m/s. Further increase in velocity caused a meniscus breakdown. The variation of advancing and receding contact angles with meniscus velocity was also studied over the range of parameters investigated.
The advantages of studying the meniscus geometry are fairly obvious: ͑i͒ the liquid-vapor interface and the contact line region can be viewed clearly without any obstruction from the highly active boiling phenomena occurring around a bubble in pool boiling, and ͑ii͒ under stable operating conditions, the liquid flow rate provides a direct measurement of the heat transfer rate over the wetted region bounded by the advancing and receding interfaces.
Literature Review
As mentioned earlier, previous studies on meniscus mainly focused on stationary menisci, which were formed inside or at the outlet end of a capillary or a small diameter tube, or at a straight edge formed between two intersecting surfaces.
In 1978, Wayner ͓1͔ stated that viscous flow in a thin film in the immediate vicinity of the interline ͑junction of solid-liquid-vapor͒ significantly affects the complete profile of an evaporating meniscus. This change as a function of heat flux was theoretically analyzed based on the premise that fluid flow was caused by the London-van der Waals dispersion force. In their analysis, the change in the apparent contact angle from its intrinsic value was attributed to viscous effects only and did not include a surface roughness effect. The extended meniscus was divided into three zones: ͑i͒ the immediate vicinity of the interline ͑the thin film region͒, where the thickness of the liquid can vary from a monolayer to approximately 500 Å; ͑ii͒ the inner intrinsic meniscus region, where the thickness range is approximately 0.05-10 ϫ10 Ϫ6 m; and ͑iii͒ the outer intrinsic meniscus region, where the thickness is greater than 10 Ϫ5 m. Holm and Goplen ͓2͔ stated in 1979 that very high heat transfer rates have been observed near the triple interline, the junction of the vapor, the evaporating thin film, and the nonevaporating adsorbed thin film. Dropwise condensation was used as an example that exhibits surface heat transfer coefficients that are approximately one order-of-magnitude greater than the coefficients resulting from film condensation. At the same time, Holm and Goplen demonstrated that the extent of interline dispersion at any time can be controlled by using capillary grooves partially filled with a liquid as a means of forming the triple interline region. The heat transfer is augmented by the flow of the liquid into the groove under the action of capillary forces-a passive process. Because of the small physical dimensions associated with a meniscus, the local characteristics of the combined heat and mass transfer processes were deduced from overall characteristics, such as ͑i͒ total heat transfer from a grooved plate, ͑ii͒ overall temperature drops in the walls separating the grooves, and ͑iii͒ the temperature difference between the top of the wall and the surrounding vapor.
In 1992, Swanson and Herdt ͓3͔ formulated a mathematical model describing the evaporating meniscus in a capillary tube incorporating the full three-dimensional Young-Laplace equation, Marangoni convection, London-van der Waals dispersion forces, and nonequilibrium interface conditions. The governing equations and boundary conditions were cast in terms of five coupled nonlinear ordinary differential equations and solved numerically. The model was tested using various values of the dimensionless superheat and dispersion number.
In 1994, Hallinan et al. ͓4͔ determined the effects of evaporation from the thin film region of a liquid-vapor meniscus within the micropores of a heat pipe wick on the interfacial shape, temperature distribution, and pressure distribution.
Khrustalev and Faghri ͓5͔ developed a mathematical model of the evaporating liquid-vapor meniscus in a capillary slot in 1996. The model consists of two-dimensional steady-state momentum conservation and energy equations for both the vapor and liquid phases and incorporates the existing simplified one-dimensional model of the evaporating microfilm. A constant wall temperature is assumed in the analysis because the solid wall thermal conductivity is significantly higher than that of liquid.
Kim and Wayner ͓6͔ experimentally and theoretically evaluated the microscopic details of fluid flow and heat transfer in the contact line region of an evaporating curved liquid film in 1996. In their experiment, the evaporating film thickness profiles were measured optically using null ellipsometry and image analyzing interferometry. The pressure field was obtained from the thickness profiles using the augmented Young-Laplace equation. Using the liquid pressure field, the evaporative mass flux profile was obtained from a Kelvin-Clapeyron model for the local vapor pressure. An evaporating meniscus was formed in the circular experimental cell with octane as the working fluid.
Objectives of the Present Work
The objectives of the present work are as follows:
1. Develop an apparatus to investigate stationary and moving liquid-vapor interface formed by a meniscus on a heated surface 2. Study the interface characteristics such as the advancing and receding contact angles through high speed photographs 3. Obtain quantitative information on the size and shape of the meniscus as a function of meniscus velocity and heater surface temperature 4. Obtain quantitative information on the heat transfer rates from the heated surface to the meniscus base as a function of water flow rate, meniscus velocity, and heater surface temperature
Theoretical Analysis
The heat transfer in the meniscus region is modeled as consisting of three main features:
1. Transient heat conduction between the the heater surface and the water 2. Evaporation of water along the receding liquid-vapor interface 3. Recirculation and mixing of the unevaporated water behind the advancing liquid-vapor interface with the incoming water
The recirculated and fresh incoming water streams are mixed as they flow behind the advancing liquid-vapor interface. The temperature of this mixed stream depends on the recirculation rate and the temperature of the incoming water. Figure 3 identifies different flow regions considered in the present model. The inlet stream is identified as stream A, the mixed stream is identified as stream B, while stream C represents the water flowing over the heater surface encountering transient heat conduction, stream D is the fluid flow behind the receding interface, and stream E represents the evaporating water. Since the meniscus is stable, the inlet and the evaporating streams ͑A and E͒ are equal.
The transient heat transfer between the heater surface and water is dictated by the relative thermal diffusivities of water and the heated copper block. The instantaneous temperature of the interface of two semi-infinite mediums is given by Schneider ͓26͔ in the following:
For an initial surface temperature of copper block of 108°C, and a water temperature of 100°C, using Eq. ͑1͒ we obtain T ins,S -W ϭ107.65°C. Because of the large thermal diffusivity of copper, the surface temperature is found to be close to the initial temperature of the copper block. Therefore, the interface temperature to be the same as the initial temperature of the copper block, and the transient heat transfer is modeled as the semi-infinite medium in water coming in contact with a constant temperature of the heater surface.
A detailed numerical study of a two-dimensional moving and evaporating meniscus was conducted by Mukherjee and Kandlikar 
͓27͔.
The complete Navier-Stokes equations along with continuity and energy equations were solved. Circulation of liquid was observed inside the meniscus. Figure 4 shows the numerical results for recirculation of liquid inside the meniscus. The circulation pattern is seen to be similar to that shown in Fig. 3 . The numerical results also showed that the heat transfer rate near the advancing liquid front was the highest due to transient conduction between the heater and the recirculated liquid. In the present work, heat transfer rates are experimentally measured over the entire meniscus region. Figure 5 shows a schematic of the experimental setup with the water delivery system and the rotating heated copper block. The fluid delivery system is designed to deliver degassed and deionized water to the dispensing nozzle using gravitational head. The fluid delivery system includes a degassed water pouch, a flow meter with attached regulator valve, and a dispensing nozzle. Figure 6 shows the schematic of the stationary test section used in the present study. A copper block with a 10 mm dia cylindrical extension is used as the heated surface. It is heated with the cartridge heater as shown. The top surface of the copper block is polished with 1 m slurry in the final stage of polishing. The polished surface prevents any boiling inside the meniscus by removing large-sized nucleation cavities. This allows a superheat of around 8 -10°C without nucleation occurring inside the meniscus, thus providing a stable evaporating meniscus. Figure 7 shows the schematic of a rotating test section. A copper block 37 mm in diameter and 63 mm long is placed on an insulating and support disk with four screw attachments to minimize the conduction losses. The top surface of the copper block is also polished with the 1 m slurry in the final stage of polishing. The assembly is then mounted on the shaft of an electric motor whose rotational speed can be closely controlled by supplying voltage from a digitally regulated power source. The test section is heated to the desired temperature by adjusting the temperature of an electric blower that blows hot air over the cylindrical surface of the copper block. The airflow is shielded from the heater surface as shown. A simple thermocouple probe is used to measure the temperature by stopping the rotation and inserting the probe in a hole made in the copper block. Because of the large mass of the copper block, the temperature does not change during the measurement. The copper surface is made level and true to the rotational axis so that the distance between the needle and the heater surface does not change as the motor turns the heater assembly. The needle is positioned at a certain radial distance from the center of rotation. This provides the necessary relative velocity as the Transactions of the ASME heater surface turns. By adjusting the voltage to the electric motor, the rotational speed of the heated copper block can be closely controlled.
Experimental Setup and Experimental Procedure
The images of the meniscus are obtained using a microscopic lens attached to two high-speed cameras that are both capable of recording frame rates of up to 8000 fps. The cameras are mounted on tripods and are located at an angle of 90 deg apart from each other. Using two cameras, we can obtain the width and length of the meniscus. Under stable operating conditions, all water supplied through the needle is evaporated; this provides accurate information regarding the heat transfer rate from the evaporating meniscus under various operating conditions.
Experimental Uncertainties
The velocity of the rotating surface, the heater surface temperature, and the flow rate of water are three major parameters in this study. The flow rate of water is measured using a precision flow meter that is calibrated by actual measurement of flow using a chemical weighing scale over a 5 min period. The accuracy of flow measurement is within Ϯ2%. The temperature measurement is accurate to within Ϯ0.1°C. The rotational speed is measured by calibrating the speed versus supply voltage. This is done in the vision software using the time steps with an indicator located on the rotating copper block. The error in measuring the distance of meniscus from the center of rotation is estimated to be 0.5 mm. The overall error in velocity measurement is estimated to be Ϯ3%.
The accuracy of combined advancing contact line angle and receding contact angle measurement is within Ϯ1 deg. The error in measuring the area of meniscus that is in contact with the heated surface is estimated to be Ϯ8%. The error in measuring the heat flux is estimated to be Ϯ11%.
Results
The advancing and receding contact angles and heat transfer results for stationary and moving menisci are presented in this section. For the stationary meniscus, the contact angles are repre- sentative of the equilibrium contact angle. These are expected to fall between the advancing and the receding contact angle values. Figure 8 shows a typical stationary meniscus at 8°C superheat.
In the case of the rotating heater, the moving meniscus presents dynamic advancing and dynamic receding contact angles. These are measured from the images obtained with the high-speed camera. These images are transported into PRO-Engineering software program and then the respective angles are measured.
Figures 9-11 show the plots of the advancing and receding contact angles as a function of the relative surface velocity. The water mass flow rate is at a constant value of 0.016 mL/min. The surface temperatures are 102.5°C, 105.5°C, and 108°C, respectively. The zero velocity point corresponds to the stationary meniscus. For the stationary meniscus, the contact angle is found to be almost independent of the wall superheat.
In Fig. 9 as the surface velocity increases, the advancing and receding contact angles are found to be almost constant. In Fig. 10 as the surface velocity increases, the receding contact angle remains almost constant in the beginning but then decreases for higher velocities. In Fig. 11 , as the relative surface velocity increases, a larger scatter is seen in the contact angles. The operation became unstable at this temperature, with occasional meniscus breakage. The large scatter in contact angles seen in Fig. 11 are caused by interface instabilities set in by the high evaporation rate at the higher surface temperature of 108°C.
The surface heat flux under the meniscus area is calculated from the known water flow rate and the inlet temperature. Heat transferred in this region goes into heating the water from the inlet temperature to the saturation temperature of 100°C, and then evaporating it into steam at atmospheric pressure.
Thus qЉ is given by
where A is the footprint area of the meniscus. The inlet temperature of water T in is 20°C. The area for stationary meniscus is r 2 , and for the moving meniscus, the base surface area is calculated from the measured length, width, and shape of the footprint of the meniscus base. Figure 12 shows front view of the meniscus on the moving heated surface. The meniscus base width is measured at the contact line of the meniscus image and its reflection on the polished copper surface.
The length of the meniscus is obtained from Fig. 13 , which shows the side view. The edge of the meniscus is found to be very clearly visible at both advancing and receding interfaces and no thin liquid films are observed. Presence of thin films in the contact regions is expected to show a change in reflected light from the copper surface. The top views of the receding interface shows a sharp and clear edge of the meniscus with no changes in reflectivity of light beyond it on the heater surface.
The meniscus base footprint is approximated as an ellipse with a major diameter given by its length and a minor diameter given by the width. The meniscus base area is thus calculated by measuring the length and width of the meniscus.
The heat transfer results are presented in terms of the measured heat flux as a function of surface velocity. Figures 14 and 15 show this variation for two different heater surface temperatures. It can be seen that there is a systematic dependence of heat flux on the surface velocity and surface temperature. At lower velocities, the heat flux is relatively insensitive to velocity. However, as the surface velocity increases the heat flux increases almost linearly as the transient conduction process becomes more efficient. Also, we note that the amount of scatter in the data increases with an increase in wall superheat, which is believed to be due to interface instability.
As seen in Figs. 16 and 17, the meniscus length decreases when the relative surface velocity increases because of increased transient conduction from the wall and subsequently higher evaporation rates. Figure 18 shows the images of menisci for a constant surface temperature of 105.5°C and at a constant water mass flow rate of 0.016 mL/min with varying surface velocities. Note that the thin film region can be seen at the pointy edge in Figs. 18͑a͒ and 18͑b͒. This thin film region disappears from Fig. 18͑c͒ to 18͑e͒ . The present visualization scheme allows for a detection of meniscus thickness of 1-2 m.
Comparision with Bubble Dynamics in Pool Boiling
In our experiments, for the relative surface velocity of 0.1 m/s and with 8°C excess temperature, the experimentally obtained heat flux value is about 150 kW/m 2 . The heat flux values taken from the boiling curve ͑e.g., Incropera ͓28͔͒ for 110°C is 100 kW/m 2 . Thus, the advancing and receding motion of the meniscus provides heat transfer rates that are higher than the nucleate boiling values.
In the present experimental setup, the advancing and receding interfaces are exposed to air. Although the high evaporation rate at the receding interface is not expected to be affected by this, the presence of air is expected to increase the evaporation rate from the advancing interface due to the low partial pressure of water vapor in the air. A mass transfer analysis is performed to estimate this evaporative heat transfer rate from the advancing interface. The heat loss from the advancing interface to the air is estimated to be less than 10% of the total heat transfer rate under the present experimental conditions. In a pool boiling system, the heat transfer rate from the advancing interface will be lower as the interface is exposed to saturated steam and not the air. This could be one of the reasons why the experimental heat transfer rates obtained in the present work are higher than the pool boiling values. It is recommended that the surrounding air be replaced by a saturated vapor environment in future experiments to accurately simulate the pool boiling conditions.
Another reason for the discrepancy between the heat fluxes for meniscus and pool boiling system is that the present experimental system focuses only in the region bounded between the advancing and receding interfaces. In a boiling system, the actual liquid area contacting the heater surface would be quite different.
Conclusions
An experimental investigation is conducted to study the characteristics of an evaporating meniscus on a smooth heated surface. The heat transfer characteristics are also investigated for both stationary and moving menisci. The study provides an important insight on the role of transient conduction around a nucleating bubble in pool boiling. The following conclusions are drawn from the present study.
1. For the stationary meniscus, the contact angle is almost independent of the wall superheat in the range of parameters investigated. It is seen to be almost constant at an angle of 26 deg for deionized water on polished copper surface.
2. In the case of a moving meniscus, as the surface velocity increases, the receding contact angle is found to vary whereas the 
